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THE SIGNIFICANCE OF CLADDING MATERIAL ON THE INTEGRITY

OF NUCLEAR PRESSURE VESSELS WITH CRACKS

Iradj Sattari-Far
The Swedish Plant Inspectorate
Box 49306
S-100 28 STOCKHOLM
S w e d e n

SUMMARY

The significance of the austenitic cladding layer is reviewed in

this literature study. The cladding induced stresses are

generally not considered when evaluating the severity of flaws

in reactor pressure vessels. It has been shown that this

omission may be misleading. The necessity to consider the

cladding induced stresses is also emphasized in the latest

edition of ASME XI.

Contrary to what is commonly assumed, the austenitic cladding

displays a charpy V transition region with a low ductility. The

interface material (HAZ) is the most influenced region by

irradiation, and a transition shift of over 100 °C -.nay be

expected.

Because of the significant difference in the thermal expansion

coefficients of the cladding and the base metal, cladding

induced stresses can be set up. Even after PWHT, residual

stresses of yield magnitude remain in the cladding and the HAZ

at ambient temperature. The cladding induced stresses are

temperature dependent and decrease as the temperature increases.

The cladding induced stresses have a significant influence on

small defects near the inside surface of a pressure vessel. For

semielliptical surface cracks, the maximum CTOD-value along the

crack front is not found at the deepest point, but in the

cladding/base metal interface, having a magnitude three times

higher than the value in the deepest point. It implies that this

type of crack would propagate along the clad/base material

interface. At some point in time, the crack will reach a

geometry which may cause such a severe condition at the deepest

point that it will start to grow in the depth direction as well.



The initiation and growth behaviour of such cracks need to be

investigated to be able to assess the significance of cladding

on the integrity of nuclear pressure vessels.



1. INTRODUCTION

The inner surface of Light Water Reactor (LWR) pressure vessels

is lined with weld-deposited stainless steel cladding, primarily

to form a corrosion resistant layer and thereby prevent the

primary coolant medium from becoming contaminated with active

corrosion products from the underlaying ferritic base metal. An

important question here is the interaction of austentic and

ferritic materials due to the different thermal properties. This

interaction may be considered in the following ways:

The cladding is completely ignored and the vessel is

assumed homogeneous.

- Only the difference in thermal conductivity between the

cladding and the base metal is considered. In such a case,

no cladding induced stresses occur, and the cladding only

affects the shape and magnitude of thermal stresses

resulting from thermal transients.

- The difference in thermal expansion coefficient is also

considered. In such a case, thermal stresses are induced in

the cladding and the HAZ, even after the cladded component

is post-clad-héat-treated. The cladding induced stresses,

also called the cladding residual stresses at ambient

temperature, are temperature dependent and decrease as the

temperature increases.

Life-time prediction and structural integrity analysis of LWR

pressure vessels represent a very important part of the LWR

safety analysis. These predictions and analysis are mainly based

on behaviour of cracks in reactor vessel structures, where the

cracks at the vessel wall inner surface appear to be the most

important ones. The behaviour of these cracks is significantly

influenced by the vessel cladding. So far, published

investigations have not given a complete understanding of the

safety aspects of such cracks. ASME XI in its recent version

(1988 Addendum) emphasizes however the necessity to consider the

cladding induced stresses for fracture analyses of pressure

vessels.



The main facts emphasizing the importance of the cladding

induced stresses could be summarized as follows:

- Practical impossibility to relieve cladding induced stress.

Even after a long post-weld heat treatment, tensile biaxial

stresses of yield magnitude can be expected in the cladding

and the HAZ at ambient temperature.

- Underclad cracking is to a great extent caused by the

cladding residual stress.

- Cladding residual stresses contribute to a much faster

propagation of an eventual underclad crack, which can cause

transition to wet condition.

- Cladding induced stresses influence the stress intensity

factor. Ki increases for cracks in the base material near

the cladding.

The main objective of this report is to survey and discuss the

works which have been performed on fracture analyses of reactor

pressure vessels, considering the effects of cladding induced

stresses. Informations about material data, magnitude and

distribution of cladding residual stresses and thermal stresses

due to some typical thermal transients will be presented in the

later sections.

1.1 Cladding Procedure

Cladding over the majority of the vessel inner surface is

applied by automatic submerged arc-welding (SAW) with strip

electrodes of different sizes, normally 60 mm width. Local areas

(e g the inner radius of the main coolant nozzles) are cladded

using manual arc-welding process. Two layer strip cladding may

be used to eliminate underclad cracking and to reduce the

susceptibility of the clad surface to intergranular stress

corrosion cracking. Wire cladding is also used, notably in the

USA. Two (or more) layer cladding is needed for the wire process

to satisfy thickness requirements. Figure 1.1 shows a schematic

representation of strip-SAW and multi-wire cladding processes.



During the latest years, some other cladding techniques, with

advantages like controlled dilution and narrow HAZ have also

been presented. TIG hot wire (1), Lasei cladding with blown

powder (2), and electroslag and plasma overlay welding (3) are

some examples. Cladding for LWR pressure vessels is rarely less

than 3 mm in thickness and generally at least 5 mm (4). The

cladding thickness has implications for emergency and faulted

conditions. In the initial stage of a loss-of-cooling accident

(LOCA), heat transfer between the cold emergency coolant and the

clad surface is very intense, and the heat transfer from the

base metal is mainly controlled by the cladding. With a cladding

thickness of 7 mm (common in French nuclear pressure vessels)

compared to a usual value of 4 mm, achieved with one-layer

cladding, the heat transfer is nearly reduced to half the value.

The thermal shock on the ferritic material is therefore reduced

to a great extent, by using thicker cladding (5). It is

important to notice that according to a preliminary

investigation, the cladding in the Swedish made nuclear pressure

vessels is generally one-layered with a nominal thickness less

than 4 mm.

Preheating is used for all layers of cladding and maintained

throughout the process until post-weld heat-treatment is carried

out, in order to avoid the possibility of cold cracking beneath

the cladding. This has been actually the standard practice since

1979, after the discovery of some underclad cracks in certain

pressure vessels (5).

1.2 Underclad Cracking (UCC)

A potential problem associated with cladding of reactor pressure

vessels is the formation of underclad cracks. The first report

of such defects in the HAZ beneath austenitic cladding in

nuclear plant was in 1970 (6) .

Cracks were found exclusively along prior austenite grain

boundaries with sizes varying from a minimum of 0/2 mm in depth

and length, to a maximum of 10 mm long and 4 mm deep. The cracks

exist in a region which is somewhat difficult to examine by



difficulties associated with locating and sizing of the cracks

and complexity of the geometry. Metallographic examinations

showed that the cracks were in the coarse-grained region of the

HAZ which had been fully austenitized by the first cladding

deposit and then reheated to just below the austenitization

temperature, i e 600-700 °C, by the subsequent adjacent cladding

deposit, Fig 1.2. The numerous recent publications prove the

interest in this field and indicate that there are clearly two

separate mechanisms responsible for underclad cracking; reheat

or stress relief cracking and hydrogen or cold cracking. A third

mechanism, liquation cracking, is also thought to contribute to

a lesser degree (7). For the case of reheat cracking, in general

terms, cracking results when the relaxation strains occuring

during stress relief of residual stresses during the PWHT (or

sequent cladding layer, see Fig 1.2) exceed the local ductility

of the material. Factors influencing either the level of

residual stresses resulting from welding or the deformation

mechanism involved in relieving them are therefore significant.

The latter is particulary sensitive to small changes in alloy

and impurity element content and the HAZ microstructure (8)

Susceptibility to UCC of different materials was investigated by

Vinckier and Pense (9). Out of 96 reports, 26 cases showed UCC,

in which 25 were in type SA-508 class 2 steel, one in SA-508

class 3 and no cases were reported for SA-533 Grade B class 1.

High heat input during cladding resulted in UCC in SA-508 class

2 but not in the other steels. However, since 1978 there have

been reported examples of UCC in pressure vessel nozzles and

steam generator tube sheets fabricated in SA-508 cl 3 which have

been attributed to a cold hydrogen cracking mechansim (6).

Hydrogen has a higher solubility but lower diffusivity in

austenitic than in ferritic steels. Consequently, the austenitic

cladding can retain high hydrogen content which may susbequently

pass into the base metal.

The underclad cracking problem was also investigated at

Mitsubishi Heavy Industries. The effect of the chemical

composition of the material and the effect of the welding

procedure condition on the reheat cracking were examined, and

the results shown in Fig 1.3 were obtained (3). The figure shows



that reheat cracking can be prevented by controlling the

chemical compositions of the parent metal and/or the cooling

time from 800 °C to 500 °C in the weld heat-affected zone. The

cooling rate is mostly governed by welding heat input. Use of

welding procedures with milder heat-input, e g application of

the two-layer cladding technique, reduces therefore the

susceptible area to reheat cracking, Fig 1.4 (10).



Strip »(tetrode

Fig l.i: Schematic illustration of typical cladding procedures

a) Submerged - are cladding using strip electrode

b) Submerged - are cladding using multi-wires
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Fig 1.2: Location and orientation of underclad cracks (7)

a) Transverse section b) Plan view of cracks
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Heat affected j -̂- Reheat cracking
coarse grain area ( susceptible area

HAZ (Acl)

(a) One layer cladding
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(b) Two Uyer cladding: area not refined
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2nd Uyer cladding

(c) Two Uyer cladding: new procedure for
the sUrting bead of first layer cladding

Fig 1.4: Effect of two-layer cladding and its correct procedure

on reduction of susceptibility to underclad cracking (10)
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2 . MATERIAL DESCRIPTIONS AND INFLUENCE OF NEUTRON

IRRADIATION

Researches performed to evaluate the severity of cracks in the

clad layer of reactor vessels have shown the importance of

having an understanding of the mechanical properties of each

material involved. In this section, general views on mechanical

properties and the influence of neutron radiation on base metal,

cladding material and HAZ will be discussed.

2 .1 Bas« M«tal

Reactor vessel steel specifications have been improved since the

beginning of the commercial nuclear power industry in the mid-

1950s. Fig 2.1 lists the principal steel plates and forging

materials used in construction of nuclear pressure vessel

components (11) . All of the steels are of the low-alloy ferritic

variety. SA-302 B is a C-Mn-Mo steel that was used in the

quenched and tempered condition. Later, with the size increasing

of nuclear components, greater hardenability was required.

Addition of nickel in quantities 0.4-0.7 wt% caused achievement

of the desired mechanical properties. This steel was known

initially as SA-302 B Modified. Later, it became the present SA-

533 Grade B class 1, which is the most widely used material in

reactor pressure vessels and pressurizers. SA-533 Grade A is

mostly used in the construction of the steam generator shells.

Typical heat-treatments of these plate material are as follows:

The material is austenitized at a nominally 870 °C followed by

quenching, generally in an agitated water bath. Then the

material is tempered at 660° C for two hours. After welding, the

entire vessel is stress-relieved at 620° C. Typical ranges for

these temperatures are ± 14° C (11) .

For forging material, SA-508 class 2 has been used extensively

in reactor vessel flanges, nozzles and rings. One of the

production problem encountered with this material is however the

occurrence of underclad cracks with certain cladding procedures.

To eliminate this problem, SA-508 class 3 is used instead of the
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class 2. The class 3 material is the same as the earlier SA-182

Fl Modified specification.

Since the steels of types SA-533 Grade B for plates and SA-508

for forgings are extensively used for construction of reactor

pressure vessel components, they are of primary interest in the

following. It is important to mention that these types of steels

have been produced in a number of countries, and even though the

same designations are used, there are normally differences in

their compositions and mechanical properties. Fig 2.2 gives

typical compositions for these steels manufactured in the USA,

France and Japan (6).

It can be seen that good control of all major impurities is

maintained with concentration below the maximum permissible

values. For instance, the very low sulphur content improves

strongly the upper-shelf-toughness of the material. The

reduction of copper and phosphorus minimize the embrittlement

sensitivity of steels caused by neutron irradiation. It can also

be seen that the compositions of SA-533 B cl 1 and SA-508 cl 3

are very similar. This means that individual melts of the two

alloys may have the same composition.

Yield and ultimate strength and nil ductility transition

temperature (NDTT) data for a number of steel plates and forging

are shown in Figures 2.3-2.5. Fig 2.6 shows the stress-strain

curves of the steels at different temperatures (12). Minimum

property values suggested for SA-508 cl 3 are as follows (6).

Property Lower Bound

(+20 °C) (350 °C)

<Jy (MPa) 380 315

Cu (MPa) 550 515

Elongation (%) 20 18

Reduction in Area (%) 60 50

For low temperature, the crack behaviour is K-controlled, and

the fracture toughness of a material is determined by Kic. The

use of Kic is restricted to the low temperature region where

failure occures under plain strain conditions. In the upper-
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shelf region, the crack behaviour is ductile and J-controlled,

and the fracture toughness is determined as Jic.

For fracture analyses, reliable data on fracture toughness for

all the relevant materials (plates, forgings, welds and HAZ) and

for all relevant conditions of temperature, strain rate, neutron

dose, aging and strain aging are desirable. Unfortunately, these

can not be obtained easily, especially at higher temperature, by

direct valid methods of measurement. Section XI of the ASME code

recommends the curves represented in Fig 2.7 for use if data

from the actual product form are not available. Both of these

curves are intended to be lower bounds to data determined on SA-

533 B cl 1 and SA-508 cl 2 steels. Figures 2.8 and 2.9 give Klc

and Kia data obtained from different steel manufacturers. It is

important to notice that because of difficulties to provide

valid measured data to the higher temperature behaviour, the

data at the higher temperatures are commonly based on

extrapolation of the results obtained from lower temperatures.

The following equations are recommended for estimations of

static fracture toughness (Kic), dynamic fracture toughness (Kid)

and crack arrest fracture toughness (Kia) (6)

Mean Kic - 14.8 exp (0.0078(T+273)), (MPaVm) and °C) .

Mean K m = 150.75 + 117.49 tanh ( (T-RTNDT) - 66.52)/66.14

Mean Kia = 113.39 exp (0.0100 T)

At upper-shelf temperatures, the material behaviour at the crack

tip is nonlinear. The toughness of the material increases

generally during crack growth. This behaviour is described by

the so called jR-curve which is assumed to be a material

property. Upper-shelf-toughness (Jic) is a measure of the

toughness at initiation of ductile crack growth.

Figure 2.10 gives informations about upper-shelfinitiation

toughness at different temperature for the steels (6). In Fig

2.11 and 2.12, the jR-curves from different works are presented

and a JRL-Iine with a reduced slope, because of large scatter in
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the results, is defined as a certain jR-curve. The temperature

dependence of upper-shelf initiation toughness of SA-508 cl 3

and SA-533 B cl 1 is suggested by the following equation, for

modern steels and welding practices (6).

Mean Ki = 231-0.096 T (MPaVm and °C) (Fig. 2.10)

Finally, Fig 2.13 and 2.14 give the summerized results on

fracture toughness from the above discussion for a large

temperature range.

Small changes in the mechanical properties of the pressure

vessels can be expected to occur during service. These are due

to neutron irradiation (especially in the beltline region),

thermal ageing and strain ageing.

Ferritic materials are susceptible to radiation-induced

embrittlement. This effect is strongly dependent on the

concentration of certain impurities, notably copper and

phosphoros. The beltline region of the reactor pressure vessel

is the only region that will receive a total dose that might

cause changes in mechanical properties. Radiation doses vary

through the thickness of the wall, because of neutron absorption

by wall material. Estimates on the neutron doses at various

points across the wall and expected rise in transition

temperatures are given in Fig 2.15 (6). Fig 2.16 shows the

effect of irradiation on notch-toughness of SA-533 B cl 1 for

different radiation doses (11). In Fig 2.17, effect of

irradiation on jR-curves of Japanese and French SA-508 cl 3 is

presented (13).

It is possible that microstructural changes and embrittlement

effects due to high service temperature of the vessel (288 °C)

cause changes in mechanical properties. For instance, during the

stress relief annealing, carbides are precipitated but some

carbon remains in solution. During long periods at operating

temperature of the reactor it is possible that some further

carbide precipitation could occur, causing a measureable rise in

the ductile-brittle transition temperature.
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Another form of degradiation can occur by a process of strain

ageing. Even though the vessel is used in the non-cold worked

condition, the material at the crack tip can be sufficiently

strained to suffer a significant amount of strain ageing during

service at high temperature. Such defects must therefore be

considered to be situated in material with properties influenced

by the strain-aged condition.

It is recommended that, in general term, in-service degradiation

due to neutron irradiation, thermal ageing and strain ageing

during the operational life of a vessel, constructed using

materials and fabrication procedures typical of good modern

practices, may be accounted for by an increase in transition

temperature of 30 °C applied to all regions of the vessel (6) .

2 .2 Cladding Material

The Westinghouse E-Spec 676413 requires that "clad surface shall

be either austenitic stainless steel with a corrosion resistance

equal to or better than Type 304 or Ni-Cr-Fe alloy with a

corrosion resistance equal to or better than Inconel 600". Two

types of cladding materials are common; type 308(309) austenitic

stainless steel which is used for cladding the ferritic steel of

the main pressure vessel and Inconel overlay which is used on

core support pads and the surface of the nozzles. The former

will be discussed in the following.

Typical properties of the steel types 308 and 309 at different

temperatures are given in Fig 2.18 (14). The cladding material

used in the Swedish made nuclear pressure vessels manufactured

by Uddcomb, is of stainless steel with 19 Cr 10 Ni. This is

similar to type 308.

It is important to notice that austenitic stainless steel in the

form of cladding display a transition temperature behaviour and

unexpectedly low upp-shelf tonghness, See Fig 2.19 and 2.23.

This implies that, analyses in which the cladding is assumed to

have good ductility may lead to unreliable results.

The influence of neutron irradiation on cladding overlay is not

very well known. Corwin et al (13) investigated such effects on
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typical 308 and 309 stainless steels used as cladding material.

The plate tests of SA-533 B cl 1 were welded with three layers

(=20 mm). The first layer was type 309 and the upper two layers

were type 308. The type 309 was therefore diluted considerably

by excessive melting of the basematerial. The cladded plates

were PWHT at 620 °C for 40 h according to normal practice. The

specimens were taken from the near base plate-cladding interface

and also from the upper layers. Charpy V-notch and tensile

specimens were irradiated at 288° C to a fluence of 2x1019

neutron/cm^ (>lMev). Fig 2.18 gives the mechanical properties of

the steels in unirradiated as well as irradiated conditions.

Irradiation increased the yield strenth of the type 309 material

by 30 to 40 %, whereas the increase of the type 308 material was

only 5 to 25 % (bearing in mind that the type 308 was not

diluted by the base material). Surprisingly, the total

elongation and reduction of area of both material increased.

The effect of irradiation on the Charpy impact properties of the

type 308, which is representative for typical weld overlay

cladding, was relatively small, Fig 2.19. Only a very slight

upward shift in transition temperature (=15 °C) and a drop in

upper-shelf (< 10 %) were observed. The effect of irradiation on

the type 309 weld metal was difficult to interpret. This layer

may have different amounts of dilution from base material. The

dilution in a well made cladding is typically in the range of 10

to 25 %. For the above mentioned test, the 309-layer was also

affected by the upper 308-layer. The results were therefore

influenced by the present amount of the type 308 from the mid-

layer. These results for two cases of low and high percentage of

the type 308 in the 309-layer are shown in Fig 2.20. The effect

of irradiation was seen to be quite significant. Both

populations experienced large drops in upper-shelf energy of up

to 50 % and shifts in transition temperature of up to 100 °C. It

is important to notice again that, the 309-layer in this test

was highly diluted, compared with a typical pressure vessel

cladding.

One can conclude that the effect of irradiation is mostly

dependent upon whether the cladding is multilayer and how the

cladding procedure is carried out. The latter determines the
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amount of dilution from base material to the cladding. Referring

to the above mentioned investigation and the work done by

Ahlstrand and Pajamaki (15), it seems difficult to make any

general conclusion. One can however state that, cladding of type

308 (and similar) with low dilution is expected to suffer only a

slight degradiation by neutron irradiation, bearing in mind that

in the few known cases where welding has produced cladding with

excessive dilution, the irradiation effects on notch-toughness

may be cause for concern.

2.3 B«at Affect ad Zon» (HAZ)

When the austenitic cladding is deposited on the ferritic base

material, material of intermediate composition forms in the

fusion zone; there are decreases in chromium and nickel content

from the bulk cladding values and an increase in carbon content,

resulting from dilution of the underlaying material. The

microstructure and the mechanical properties of HAZ differ

therefore significantly from those of the cladding and base

material. As will be discussed later, under certain thermal

transient shocks, the stress intensity factor has its maximum

value just in the interface region. It is therefore of great

importance to have reliable data on the properties of HAZ,

especially the toughness properties, for fracture analyses of

the pressure vessel. Unfortunately, due to difficulties in

mechanical testings of HAZ, there is little available

information in the literature. The fracture toughness of HAZ is

normally assumed to be similar to that of the base material.

This assumption may cause unreliable results.

A typical cross-section through the cladding and base material

showing the composition of each zone is given in Fig 2.21 (16).

Small changes in composition can result in significant changes

in the microstructure. After clad-welding a thin layer of

martensite is found in the interface zone. The extent of this

layer depends on weld metal composition and the degree of

intermixing from base material (due to cladding procedure).

Whitman and Bryan (17) investigated the hardness of HAZ. Fig

2.22 shows a typical hardness variation in a cross section of
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the cladding and underlaying zone of a SA-533 B cl 1 material

strip-cladded with type SS308 material. The material was not

post-clad stress relieved. According to ~ aference (6), hardness

increases up to 550 HV after PWHT in a 10--1000 Hm thick region

of HAZ just beneath the interface. The reason for this increase

in hardness is not well known and more work is needed in this

area. Copious precipitation of chromium carbide occurs, however,

at the interface as a result of carbon diffusion from the

ferrite during PWHT. A proposed mechanism is that consequent

local depletion of chromium results in additional martensite

formation on cooling from PWHT.

A recent work on HAZ's mechanical properties was reported by

McCabe (18). Charpy impact and fracture toughness tests were

performed on post-clad-heat-treated specimons, and the influence

of irradiation was investigated. Because of limited size of the

HAZ and the cladding, specimens for Charpy test were 5 mm thick

(half thickness of the CV-standard), See Fig 2.26. The

transition temperature index was therefore reduced to 20J

(instead of 41 J for full-size specimens). Compact specimens

were used for toughness measurement. Figures 2.23-25 show the

results for uniradiated specimens. It appears that the HAZ as a

whole has an improved transition temperature toughness in

comparison with the base metal.

The influence of neutron irradiation was investigated for

specimens exposed to a fluence of 4.5x10^-5 n/cm^ (E>1 MeV) at

288 °C. Figures 2.26 and 2.27 give the results of the

investigation. As can be seen, a great increase was obtained in

the strength of the HAZ from irradiation. The increase in

transition temperature was surprisingly high. An elevation of

105 °C, based on the adopted 20J criterion, was indicated.

Note that in fig 2.25 one compact specimen shows a significantly

different toughness than the others. This is to be expected

because of inhomogeneity in the HAZ material.

The results of the investigation imply that the interface region

(HAZ) is the most influenced region by irradiation, and that its

mechanical properties change significantly due to irradiation.
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Pressure Vsssel Plate Materials

Grade

A212B

SA302B

SA302B
(modified)

SA533B-1

SA533B-1
(towCu. P)

SA533A

Heat Treatment

N&T, Q&T

Q&T

Q&T

Q4T

Q&T

Q&T

Vessels

All

All

All

RPV, pressurizer

RPV beltline

Steam
generator

Usage

MidS0s-60s

Mid50s-60s

Mid-Late 60s

70s to present

1973 to present

70s to present

Type

C-Si

Mn-Mo

Mn-Mo-Ni

Mn-Mo-Ni

Mn-Mo-Ni

Mn-Mo

Pressure Vessel Forging Materials

Grade

A106II

SA182F1
(modified)

SA336

Code case
1236

SA308-2

SA508-2a

SA508-3

Heat Treatment

N&T

Q&T

N&T, Q&T

Q&T

Q&T

Q&T

Q&T

Applications

Flanges, nozzles

Flanges, nozzles

Flanges, nozzles

Flanges, nozzles

Flanges, nozzles,
rings

Tube sheets,
flanges

Flanges, nozzles,
rings

Usage

50s (limited)

SOs-608

50S-60S

1957-609

Current

Current

Current

Type

C-Mn

Mn-Mo-Ni

C-Mn-Mo

Low Ni-Cr-Mo

Same as code
case 1236

Same as
SA182F1
(modified)

Fig 2.1: Typical plate and forging steels, being used in reactor

pressure vessels (11).



Typical CcnposWons of Modem PHI Pressure Vessel Steels

Kiterlal
Specification

SA533DC1 1

SA533UC1 1

Country
of Origin

Japan

USA

No. of
Analyses

175

13

C

0.201

0.218

Hi

1.371

1.367

NI

0.616

0.547

MD

0.520

0.547

Average lleat
SI Cr

0.243

0.236

0.136

0.074

Analysis (Weight per
P S Cu

0.007

0.009

0.006

0.014

0.049

0.117

cent)
Al

0.025

-

As

0.007

-

Sn

0.000

-

Sb

0.002

-

Co

-

-

SASOO Cl 3 Japan 166 0.200 1.396 0.753 0.505 0.243 0.097 0.007 0.007 0.054 0.028 - - -
211*14*1155 153 0.007 0.000 -
forging grade

130 0.002 -

8 6 - - - 0.009

SAS08 Cl 3 France 125 0.16 1.338 0.722 0.503 0.235 0.195 0.010 0.010 0.065 - 0.016 0.011 - 0.017
(etc.)

SASUU Cl 2 Japan 61 0.206 0.803 0.844 0.505 0.231 0.374 0.006 0.006 0.018 0.029 -
58 - - - - - - - - - - 0.009 0.000

34 0.02 -

20 0.010

SAS08 Cl 2 USA 5 0.218 0.682 0.603 0.596 0.284 0.374 0.006 0.011 0.0)0

Fig. 2.2: Typical compositions of the modern reactor pressure vessel steels (6)
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EPm A533QI/A508-2<6J
N=18. Oyx439MPo

lsd=3IMPu
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r
i
i

I

10

French A508-3 30

Oy=472MPa
lsd=30MFb lsd=31

20

Prench (87)

A533BI
N=70
ffy = A70MPa
Isda 17 MPa

10

Japanese A533B1<31)

• "Convenllonal"
N» 35. ^«479MPa

lsd= 16 MPa

'Improved"
N»23, öy«479MPa

Isd « 15 MPa

[ • - ,

355 380 415 450 485 520 555 590 355 380 415 450 485 520 555 590 340 380 420 460 500 540 560 620
Oy (MPa)

Fig 2.3: Yield stress distributions for pressure vessel steels Droduced in
the U.S., France and Japan (Room temp.) (6).
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£ io

US A533B1/ASO8-2

tt_A533B1/A5O8-2(85>
N.54, Ou.636 MPa

lsd>32MPa

EPRI A533B1/A508-2*6*
N=18. ffu«595MPa

lsd«29MPa

30

20

t 1

10

French A5083-3

ÖU-602 MPQ
lsd>26MPa

t
f •

71

30

N,125
öu» 598MPa
lsd«26MPa

20

French
-A533B1 ( 87 )

N=69
öu» 617 MPa
lsd-13MPa

10

Japanese A533B»(31)

— — "Conventlonar
N « 36. CTu > 606 MPa

lsds12MPa

- - -" Improved"
N«23. öum6KMPa

lsd«15MPa

<8S S20 555 590 625 660 695 730 485 520 555 590 625 660 695 730 A80 520 560 600 640 680 720 760
Ou (MPa)

Fig. 2.4: Ultimate tensile stress distributions for pressure vessel steels produced in

the U.S, France and Japan (Room Temp.) (6)
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US. A533BUA508-2
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N-53
Isd = 8.6

EPRl
N=14. NDTT =-242 °C

Isd = 3 3
40

30

20
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-n.

60
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20

French A508-3 ( 3 )

Isd = 9.4

60

50

40

30

20

10

Japanese AS33BWA50a-3(92>

A 506-3 N« 123
NDTT «-31*C
Isd > 8 2

A533B1.N:25
N Ö T T . - 3 3 # C
Isd » 3 6

L
-50 -40 -30 -20 -10 0 -50 -40 -30 -20 -W 0 *K> - 6 0 - 5 0 -40 -30 -20 -K> 0

Nil duclilily transition temperature (NOTT) (*C) '

Fig 2.5: NDTT distributions for pressure vessel steels produced

in the U.S, France and Japan (6)
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a)

0000 OOaSO

b)

n.o

c)

90)0

Fig 2.6: Stress-strain curves at different temperatures (12)

a) SA-533 B cl I, 0.0-0.5 Percent strain

b) SA-533 B cl I, 0.0-5 Percent strain

c) SA-508 cl 2, 0.0-0.5 Percent strain
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Fig 2.7: Lower bound Kj and Kj- data for steel tVDes SA-533B classi,
SA-508 class2 and SA-5U8 class3 (according to ASME XI).
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( ) >10T INVALID
K|e : K . 8 1 EXP- .

K I C : 19.59 EXP
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•200 -100 4-100
T («C)

KEY

US.
•

0

HSST

S/A

JAPANESE

*

0

7HST

01.02,03,0* ( 1 7 8 l(TL)(LT)

WELOS IN HSST P L A T E S { W 6 \ T L )

AS33B-1 PLATES 7HA.7H8 (TL)

MITSUBISHI A533B-1 PLATE (LT) ]
MITSUBISHI S/A WEL0.. ]
9K8S
9HBS

WELD METAL ( 1 7 B I

H A 2 < 1 7 8 )

0
0
9

(98)

(177)

EPR1

EPRt
EPR1

A533B-1 1

S/A WELD |
MMAWELO J

MPA AS08-2
9 MELT 0.
0 MELT U
• MELT L

(6)

(50

1

HAZ

Fig 2.8: Static fracture toughness of SA-533 B class 1 and SA-

508 class 2 steels as a function of temperature, from

different investigations (6).
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250
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50

WEC E550
Kawasaki A508-3 • v

7HC A508-3 A
7HB A533B1 O •
8 HB A533S1 a •

9HBS S/AW.M. o
9HBS ' 'HAZST»
9 HBS ' ' ' LT» *

7HA A533B1 *
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Temperatur* (°C)
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Fig 2.9: Temperature dependence of Kia for SA-533 B class 1 and

SA-508 class 3 from MRL-type compact and ESSO

specimens (6).
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A533BWA508-3 •
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Fig 2.10: Comparison of initiation toughness data for weld

metals/HAZs with Ki/Temperature relationships derived

from A533 B1/A508-3 steels with less than 0.010 wt %

sulphur (6).
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Fig 2.11: Resistance to crack growth for SA-533B classi steels tested
at onset of upper-shelf-region (6).
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Fig 2.12: Proposed lower bound JR-Curves for 2 mm max crack growth for
SA-533B classi and SA-508 class3 steels (6).
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100
Temperature (°C)

Fig 2.13: Comparison of static and arrest fracture toughtness

versus temperature for SA-533 B class 1 and SA-508

class 3 (6) .
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Fig 2.14: Temperature dependence of dynamic fracture toughness

of SA-533 B class 1 weld metals and HAZ (6).
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Position dose* n/c«2 OPA AT

inner surface 2.3 x IO19 0.038 27*C

^- depth 1.3 x 1019 Q.02S 2o*c

\ depth 2.7 x 10*8 0.009 7*C

* neutrons 1.0S MeV
r Westinghouse information, March 1981
OPA - displacements per atom

AT • rise fn brittle-ductile transition temperature.

Fig. 2.15: End-of-life neutron dose irt the different depthes of

beltline region and estimates of the rises in

transition temprature (6) .

-ISO -SB

Temperature. C
SO 150

•100 too m
Temperature, F

100 400 090

Fig 2.16: Influence of irradiation on Charpy impact energy for

SA-533 B class 1 steel. Surveillance capsule No. 2 has

the highest irradiation exposure, approximately 9xlO19 n/cm2 (li)
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T.2WC
25 mm CS.
20% side grooved

(invalid point)

•026 / //

0 0-15
L

1 1-5
Crack Growth *o (mm I
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T.290»C
25mm CS.
20% sid* grooved
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• Irradiated data
- 1«10 "(E>1MeV)
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Crack Growth tolmm)

i- 25

Fig 2.17: Influence of irradiation on initiation toughness and

resistance to crack growth of SA-508 class 3,

according to ASTM E813:81 evaluation (13).

a) Japanese steel b) French steel



CPL-80
CPL-83
CPC-72
CPC-73
CPL-81
CPL-85
CPC-70
CPC-75
CPL-86
CPL-89
CPC-77
CPC-78
CPL-62
CPL-87
CPC-71
CPT-76
CPL-90
CPL-91
CPC-79
CPC-bO
CPL-A4
CPL-88
CPC-74
CPC-81

Material
typ«a

309
309
308
308
309
309
308
308
309
309
308
308
309
309
308
308
309
309
308
308
309
309
308
308

Fluence,

SL nev
(neutrons/a^)

0
0
0
0
2.0 « 1023

2.0
2.1
2.1
0
0
0
0
2.0
2.0
2.1
2.1
0
0
0
0
2.0
2.0
2.1
2.1

Test

Evvpv«7S cur i

27
27
27
27
29
29
29
29
149
149
149
149
149
149
149
149
288
286
28t
286
268
28»
28a
28»

Strength (HPa)

Yield

299
273
268
276
388
364
289
300
213
236
221
213
297
345
290
262
195
207
205
205
277
290
198
232

Ultimate

593
586
589
568
606
624
605
509
446
450
445
444
5C8
526
501
485
429
423
393
402
475
501
42*
427

Total
elongation"

(X)

28.4
49.5
40.0
42.4
39.4
45.4
51.5
60.1
31.9
30. A
31.3
32.4
57.2
48.6
56.3
53.8
31.7
32.4
2ft.5
27.6
52.9
56.3
51.9
49.5

Reduction

of area
<X>

30.6
55.5
55.0
58.0
48.0
58.0
62.3
67.1
55.5
63.4
44.0
52.0
57.9
60.4
59.3
5ft.1
51.5
52.2
U.4
53.3
56.6
59.3
55.0
59.8

*Type 309 consists primarily of the first
(last pasa).

''Cage length/dlueter - 7.

aetal pass, type 308 primarily the third

Fig. 2.18: Mechanical properties of types 308 and 309 stainless steel cladding before and

after irradiation at 288 ± 14° C (14) OJ
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Fig 2.19: Influence of irradiation on the Charpy impact energy

of type 308 stainless steel cladding (14).
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Fig 2.20: Influence of irradiation on the Charpy impact energy

of high-and low-energy populations of the specimens of

nominal type 309 cladding, affected by an upper 308-

layer (14).

Note: criteria for definition of low-energy population

is less than 70 and 80 % of type 308 weld metal for

the unirradiated respectively irradiated condition.
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Fig 2.21: Composition variation through cross-section of the
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Fig 2.22: Hardness variation through a cross section of a

typical cladding and HAZ. SS 306 ribbon cladding, SA-

533 B class 1, no postcladding stress relief (17)
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Fig,2.23: Charpy-V transition curves for clad material, base metal and HAZ (18)
U)

Note: The specimens from cladding and HAZ were in half-thickness of the standard size ***
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unirradiated condition (18).



Table 2 Mechanical Properties (tooa Teap.)

Materiel Condition Tield Tensile Z El Upper Shelf
Strength Strength CVN
MPa MPa J

Baa* Metal*

HeatAffected Zoneb

Heat Affected Zoneb

Clad Hetat*

As received

Aa received

Irradiated

4.5 x 1019 n/e«2

Aa welded

409

396

S86

281

582

584

738

612

29

35.9

Mn
Chealcal Composition (Vt. Z)

P S SI Ml Cr Mo

155

54

Co Cu

Base Plate 0.21 1.38 0.017 0.006 0.17 0.61 - 0.55 - - 0.17

Cladding 0.05 1.46 0.023 0.015 0.76 8.73 18.9 0.22 0.04 0.04 0.16

* 6.35 om dia. tensile specimen
b 5.08 on dia. tensile specimen

Hl TAL

Fig. 2.26: Test specimens and obtained

results for influence of

irradiation on mechanical

properties of cladding HAZ (18)

to
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Fig 2.27: Influence of neutron irradiation on HAZ's transition

temperature, characterized by KJc and Charpy-V tests

(18) .
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3. CLADDING INDUCED STRESSES

Because of significant difference in the thermal expansion

coefficient between the austenitic cladding and the ferritic

base metal, thermal stresses are induced in the cladding and the

underlaying base metal. Even after stress relieving, stresses of

yield magnitude may remain in the cladding and the HAZ at

ambient temperature. The cladding induced stresses, so called

the cladding residual stresses when they are considered at

ambient temperature, are temperature dependent and decrease as

the temperature increases. They may be almost negligible at

operating temperature of a nuclear pressure vessel.

The emphasis on identifying factors which are important for the

integrity of reactor pressure vessel has led to a need for a

better understanding of induced stresses associated with

cladding. The magnitude and distribution of these stresses

depend on the temperature history during cladding procedure, the

geometry of the component that is cladded, the thickness of the

cladding, the material properties of the base metal and the

cladding, and the heat - and pressure - treatments both before

and after applied cladding

The residual stresses introduced by cladding and the heat-

treatment of cladded components are complex and often evaluated

with the aid of experiments combined with computational models.

Experimental evalutions are often based on laboratory tests

conducted with specimens that are machined from clad components.

The experimental methods for determining the through-thickness

residual stresses are based on relaxation technique and are

destructive procedures, since they require cutting and machining

the plate.

Deformations resulting from each cutting and machining step are

monitored by surface strain gauges. These deformations are input

data for a computational procedure which calculates the residual

stresses that existed in the cladded plate before cutting.

However, due to the difference in geometric stiffness (degree of

constraint), the experimental results should be corrected to

correspond to the real situation in a cylindrical wall. This
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point has normally been ignored in the results reported in the

literature.

Analytical evaluations of cladding residual stresses are often

based on finite element analyses. However, there are many

temperature dependent factors which affect the occarence,

magnitude and distribution of residual stresses, and

computational analyses are therefore necessarily performed under

certain simplified assumptions.

A number of studies regarding evaluations of cladding residual

stresses are reported in the literature. However, due to the

difficulties involved, there are great discrepancies in the

results. Jovanovic (19) compared some studies performed by

different authors and organisations. A summary of the comparison

is shown in Fig 3.1. A large scatter (10-450 MPa) of the

experimental results is seen in the figure. Some more

comprehensive investigations have, however, been reported by

Paatilainen (20), Lidbury (4), de Lorenzi and Schumacher (21),

Rybicki et al (22), and Schimmoeller and Ruge (23).

A typical result presented in Fig 3.<! shows the distribution of

residual stresses in two layers of cladding on 86 mm thick 22 Ni

Mo Cr 37 steel specimens (23) . It is seen that in the as-welded

state, biaxial tensile stresses occur- in the surface of the

cladding which are about 200 MPa and 350 MPa in magnitude in

direction parallel and transverse to the welding direction,

respectively. Moreover, maximum tensile stresses occure about 8

mm below the fusion zone in parent metal. However, the effect of

12 hours of PWHT at 600 °C can be seen as effectively relieving

the residual stresses in the parent metal, whilst tensile

biaxial stresses of yield magnitude remain at the outer surface

of the cladding. The reason why the cladding residual stresses

in direction transverse and parallel to the welding direction

are very similar can be explained as follows: in cladding the

length and width of the clad weld is large compared to the

cladding thickness, resulting in approximately the same

shrinkage effect in both directions.

Fig 3.3 shows recent results of experimentally and

computationally evaluated cladding residual stresses presented

by Rybicki et al (22) . The plate specimen of SA-533 B cl 2 steel
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was 102 nun thick and was cladded with stainless steel type 308.

The clad plate had been heated to 538 °C and allowed to cool

uniformly. A tensile stress over 300 MPa was obtained in the

cladding. The results agreed well with Schimmoeller's results

(23) .

3.1 Effect of Cold Hydrotest and In-Servico Temperature

Changes.

It may be argued that the cold hydrotest, which a LWR pressure

vessel undergoes prior to entering service, will induce some

relief of the cladding residual stresses. Simple considerations

suggest that after application of this test, the maximum

possible induced stress in the cladding at the hydrotest

temperature will be:

C = Co (clad) - C H where Co (clad): max cladding stress

before the hydrotest, which is of

yield stress magnitude.
CH: The applied stress level in

the ferritic material at the

interface during the hydrotest.

The generic study of the integrity of PWR pressure vessel (6)
assumed that C o (clad) = 350 MPa, and recommended that (350-CH)

MPa be adopted as the uniform level of tensile induced stress in

the austenitic cladding at the temperature of the hydrotest.

The evaluated results of cladding induced stresses are normally

made at ambient temperature (* 20 °C) . However, the stresses

will decrease with increasing temperature, because of greater

thermal expansion of austenitic clad material, and eventually

become compressive if the temperature change is sufficiently

large. A very crude estimate of the temperature change necessary

to reduce the stresses in the cladding to zero gives T=285 °C,

of Lidburg (4). A more sophisticated analysis, based on the

balance of forces and moments between cladding and underlaying

parent material is performed by Beany (24) . He showed that for
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the case of 5 ram thick stainless steel, weld deposited onto 150

mm thick SA-533 B cl 1 plate, cladding stresses were tensile and

of yield magnitude at 20 °C, but decreased to 78 MPa in

compression at the assumed operating temperature (=300 °C) .

A finite-element-analysis performed for a case with thicker

cladding gave tensile stresses even at in-service temperature

(21). The wall thickness was 229 mm, and was cladded with 11 mm

thick stainless steel in this analysis. The cladding induced

stresses after PWHT, during hydrotest and at service temperature

are given in Fig 3.4. As can be seen, residual stresses of yield

magnitude in the cladding (500 resp 360 MPa) were obtained after

PWHT at ambient temperature. A hydrotesting with a pressure of

17.2 MPa (25 % above the design pressure) decreased the stresses

to 310 resp 200 MPa.

The cladding temperature and the dependence of material

properties were also investigated by Ahlstrand and Päätiläinen

(25). Figure 3.5 shows the cladding induced stresses at

different temperatures and with different assumptions of

difference in thermal expansion coefficient of the base and

cladding material.

The conclusions drawn from the different references cited above

can be summarized as follows:

The large heat-input associated with strip cladding processes

induces biaxial stresses in both the austenitic and the

underlaying ferritic parent material. Peak tensile stresses are

of yield magnitude. Even after PWHT, yield magnitude biaxial

tensile stresses remain in the cladding and the HAZ. The cold

hydrotest reduces the stresses to some extent. The stresses

decrease as the temperature increases, and may be almost

negligible at the operating temperature. The cladding residual

strains remain however in the material.
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- Survey of varioua weld and cladding residual strata data

Author or
organization

Specimen
thickness
(am)

Stress after
heat treatment*
(HPa)

Notes

U.E.O.A.
Framatoae
Ferill et al .
Grotke et a l .
Grotte et a l .
Gott
Westinghouse
Paatilainen
et a l .
Shimpbeller
t Kuge
Dhooge et al .
Buchalet ft
fticardella
Nichols
Biney
Jovanovic

Jo va no vie

300
NR»
250
280
280
170
260

//

86 • 4.5 •
4.5
NR

//

//
ISO + 50
48 • 3

100
30
60
50
to
450
10-60

0 or 400

Byi«M
200*250

170 (410)

350
1*CM
200-250

48 • 3 410

WRS - aestructive examination
HRS - destructive examination
WRS - destructive examination
HRS - destructive examination
MRS - X-ray measurements
MRS - deep drilled holas

CRS3' - values assumed in calculation

CRS - biaxial stresses
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Fig 3.1: Compilation of different investigations of the cladding

residual stresses (19).
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6.35 mm cladding. Curves shown represent both
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Fig 3.4 Loading cycle for a reactor pressure vessel and the

cladding induced stresses at each stage (21).

(1 Psi = 6.894 KPa)

Descriptions of different stages and cases in the figure:

0: PWHT temperature

2: Ambient temperature, after stress relieving

3: During the cold pressure test

4: Ambient temperature, after cold pressure test

5: At operating temperature and pressure

A: Clad material with yield stress equal to the value of the

base metal

B: Clad material with yield stress lower than the value of the

base metal.
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Fig 3.5: The influence of temperature and difference in thermal

expansion coefficient upon the magnitude of cladding

induced stresses (25).
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4 . SEVERE THERMAL TRANSIENTS

A transient is the process of passing from one steady plant

condition to another. There are a number of transients which may

occur during operation of a reactor. These are normally divided

in three main groups of service limit transients; normal

conditions, upset conditions and emergency and faulted

conditions. The emergency and faulted transient may cause severe

thermal stresses and are therefore of great safety importance.

Examples of such transients are (6):

- Emergency condition: Small loss-of-coolant accident, (Small LOCA)

Small steam-line-break (Small SLB)

Complete loss of flow

- Faulted condition: Large loss-of-coolant accident, because

of coolant pipe break (Large LOCA)

Large steam-line-break (Large SLB)

Feed-water line break

Reactor coolant pump locked rotor

Control rod ejection

Steam generator tube rupture

As regards more severe transients, one is naturally concerned

about those events which result in a rapid cooling of the vessel,

whilst a high pressure level is maintained (overcooling

transient). This cooling may occur as a result of a lowering of

the primary coolant temperature and/or injection of cold

emergency cooling water. Small and Large LOCA are typical of such

transients. Fig 4.1 gives information on coolant temperature and

pressure variation during a Large SLB in a PWR (6).

The most severe transient can be assumed to occur during reactor

coolant pipe break (Large LOCA). This is a complete rupture of a

main coolant pipe (usually assumed to occur between the reactor

inlet nozzle and the pump-the coldleg). The assumed consequent

variations of coolant pressure and temperature within the

primary circuit are shown in Fig 4.2 (6). It is assumed that the

pressure decrease;: instantaneously to near-ambient (0.07 MPa),
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whilst the coolant temperature decreases from 291 °C to 38 °C

over a period of 5 seconds as a result of the operation of the

safety injection accumulators. However, probabilistic fracture

mechanics studies in the USA relating to a Westinghouse 4-loop

reactor have indicated that the probability of such an

occurrence, as a result of the fatigue growth of cracks in pipe

weldments, is very low (26).

In general, to calculate the most severe stress profiles, high heat

transfer coefficients are assumed at the inside surface of the

vessel. For most fault and emergency events no resistance to heat

transfer is assumed (h«>) . The Large LOCA is more sensitive to the

value of heat transfer coefficient and it has been recognized that

the assumption of an effectively infinite coefficient is pessimistic

particularly during the later stages of the transient.

Results of an investigation into the possible ranges of heat transfer

coefficients including "best estimates" and the typical thermal

properties of cladding and base material are shown in Fig 4.3 and

4.4.

In the following, typical thermal stresses due to two severe

transients will be presented. It should be noticed that normally

some simplifying assumptions are made during calculation of thermal

stresses. The hoop stress and axial stress are of similar magnitude.

The results of a FEM-calculation of temperature variation with

time and resulted thermal stresses during a large LOCA are shown

in Figures 4.5 and 4.6. The cladding reduces the rate of change

of temperature in the underlaying ferritic material. This effect

is more pronounced with thicker cladding, especially during the

early stages of the transient, see Fig 4.5. Elastic calculations

give thermal stresses of a magnitude of about 800 MPa in the

near surface zone during such a transient.

A less severe transient than Large LOCA was FEM-analysed by

deLorenzi and Schumacher (21) . It was assumed that the time-

dependece of the temperature on the inside of the vessel could

be expressed by:

T = Tf + (To - Tf) e ~
B t
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where

To = 288 °C, initial temperature

Tf = 121 °C, final temperature

B = 0.15 min ~1, decay constant

The analysis was carried out with the conservative assumption of

pressure remaining constant at the operating pressure level. The

temperature profiles in the wall during the transient and the

corresponding stress profiles for an uncracked wall are shown in

Fig 4.7. This transient is similar to the 1978 Rancho Seco

transient. It should be noted that a cladding residual stress

with a magnitude presented in Fig 3.4 were assumed in this

analysis. Fig 4.8 shows the stress distribution in a case of

unclad vessel wall during the same transient .Comparing Figures

4.7 and 4,8 indicates that the cladding, because of its lower

thermal conductivity, protects the base material from the high

surface stresses during the transient. The high stresses are

instead obtained in the cladding.
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Fig 4.1: The variation of pressure and temperature in the

reactor coolant system of a PWR during a Large Steam-

Line-Break for various assumptions (6).



57

Accumulators empty

Row rate

Temperature (°C)—i

Recirculation
from containment
sump starts.

Pressure (MPa)

Transient
commences Time (sec)

Fig 4.2: Diagram showing the assumed variations of primary

circuit pressure, temperature and coolant flow rate

during a loss-of-coolant accident to a four-loop plant

case 1- full line and case 2 - dashed line represent .

slightly different assumptions. These variations are

believed to be more severe than those which would

actually occur (6).
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Estimates of Heat Transfer Coefficient during a Large Break, Cold Leg LOCA

(Units -

Period during accident

Part of vessel Slowdown By-pass Refill Re flood Long-term

0-15 sees 15-20 sees 20-25 sees 25-300 sees >30O sees

Upper head

Cold leg
nozzles

Hot leg
nozzies

Beitline

Lower head

10.0
(0.2-
50.0)

10.0
(6.0-
50.0)

10.0
(6.0-
50.0)

10.0
(6.0-
50.0)

10.0
(6.0-
50.0)

0.05
(0.02-
0.25)

2.5*
(2.0-
10.0)

10.0
(2.0-
20.0)

10.0
(0.1-
50.0)

10.0
(6.0-
50.0)

0.05
(0.02
0.25)

2.5*
(2.p-
10.0)

5.0
(2.0-
20.0)

10.0
(0.1-
50.0)

3.0
(0.5-
10.0)

0.05
(0.02-
0.25)

1.5*
(0.7-
3.0)

5.0
(2.0-
20.0)

5.0
(0.1-
10.0)

3.0
(0.5-
10.0)

0.05
(0.02-
0.25)

1.0*
(0.7-
1.5)

0.1
(0.05-
0.3)

0.5
(0.1-
1.0)

0.5
(0.1-
1.0)

NB a) The above coefficients should be combined with a fouling coefficient of
5.0-10.0 kW/nft (best estimate 7.5 kW/aKK).

b) Three values are given for each time interval and location. The f i rs t
value is the best estimate value. The values in brackets give the
possible range of coefficients arising from detailed variations due to
geometry and flow.

* The coefficients in the cold leg nozzles connected to the intact loops will
vary around the perimeter of the mzz]e due to the stratified flows of the
emergency coolant. The coefficients quoted refer to the areas of nozzle in
contact with the liquid flow.

Fig 4.3: Estimates of heat transfer coefficient during a Large
LOCA (6) (units - KW/m2K).

Coefficient of
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Density

Coefficient cf
thermal expansion

E-modulus
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0.3
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1/K
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-

Fig 4.4: Typical values of thermal properies of cladding and
base material (27).
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Fig 4.7: Temperature profiles and corresponding stresses in the

pressure vessel wall during a severe transient (21) . (1

Ksi = 6.894 MPa).

Fig 4.8: Stress distribution in uncracked and unclad vessel wall

during thermal transient (1 ksi = 6.894 MPa) (21).
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5 : FRACTURE ANALYSES

In any fracture assessment it is important to define the loading

conditions, including those that the plant is likely to

experience during normal operation and other more unlikely

Conditions. As was discussed earlier in chapter 4, transients of

the type small and large loss-of-coolant accident (LOCA), and

small and large steam-line-break (SLB) are of great safety

concern.

The total stress state in a cladded section during a severe

transient can be due to:

- stresses because of operating pressure

stresses because of the transient

cladding residual stresses

welding residual stresses in weldjoints, remaning

after PWHT.

There is little quantitative evidence available on the magnitude

of residual stresses in restrained heavy section welded joints

after PWHT. These stresses are normally ignored in the performed

fracture analyses. Measurements by Westinghouse of the residual

stresses in an unrestrained butt weld in a 275 mm thick SA-533 B

steel showed that the peak stresses had been relieved in

agreement with uniaxial stress relaxation rules to a maximum

value of 50 MPa after 6 hours at 595 to 620 °C (28) . Longer heat

treatment time would be expected to further reduce the stresses

to 40 MPa. However, in restrained heavy section welds, the

transverse restraint may give rise to significant hydrostatic

stresses which eventually could retard the relaxation of the

stresses. Gott (29) performed measurements on a post-weld-heat-

treated full-thickness nozzle attachment weld between SA-508 cl

2 and SA-533 B steels and reported stresses as high as 150 MPa.

Based on the study in reference (6), a magnitude of 50 MPa may

normally be expected for remaining residual stresses in butt

welds and nozzle corners after PWHT.
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The influence of the cladding have usually been ignored in

fracture analyses. However, since the discovery of underclad

cracking, some analyses have been performed to assess the effect

of the cladding on the integrity of nuclear pressure vessels (6,

19, 21, 25, 27, 30-34) .

These studies indicate that the omission of the cladding

residual stresses can result in substantial underestimation of

the stress-intensity factor for a surface flaw that extends

through the cladding into the base metal. All available

investigations, except the one in ref (21), have been based on

Linear Elastic Fracture Mechanics (LEFM). In the following,

three of these investigations will be briefly presented.

5.1 Ahlstrand, Päätiläinen and Raiko (Xmatran Voima OY-

Finland 1980) (25) .

This investigation was performed as a result of the inspection

of the Finnish reactor plant Loviisa II, in which several

indications exceeding the acceptance limits were found in the

pressure vessel. The fracture analysis was based on LEFM,

assuming long circumferential flaws under the load conditions of

a Large LOCA. The analyses were performed under three different

levels of approximation.

Assumption 1: The effect of cladding thermal and residual

stresses were included

Assumption 2: Only thermal effects of cladding was

included

Assumption 3: Cladding was ignored.

Two different cladding thicknesses, 6.3 and 9.5 mm, were

investigated. The data and results for the 6.3 mm cladding

thickness are shown in Fig 5.1.

The results showed that the Kj at the tip of a throught-cladding

crack was very high due to the cladding thermal and residual

stresses. The obtained Ki-values were considerably higher than

those calculated with methods ignoring the cladding residual

stresses. The maximum stress in the cladding is very high during
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the transient, and the cladding would yield although the

irradiation could raise the yield strength of the material.

Furthermore, the results implied that shallow surface cracks

could initiate crack growth easier than deep cracks during a

LOCA, considering the low temperatures and thereby lower

fracture toughness near the inner surface.

5.2 Vagner and Guichard (Framatome-1985) (33).

The critical sizes for different defect types located in the

inner surface of the PWR reactor vessel beltline were determined

during an intermediate LOCA, using LEFM with plastic zone size

correction. The influences of different parameters, such as

cladding residual stresses, defect shape and position and final

RTNDT o n critical size were investigated. The studied vessel was

207.5 mm thick including a clad-thickness of 7.5 mm. The

analysis was performed for both underclad and through-clad

cracks for the following assumptions:

Case

A

B

C

D

E

F

G

H

RTNDT(OC)

85

100

64

85

85

85

85

85

Res.stress in

parrallel

199

199

199

250

150

• 0

No

199

the cladding

transverse

156

156

156

200

120

0

Clad

156

KiC(MPa m)

BM

195

195

195

195

195

195

195

195

Cladding

150

150

150

150

150

150

200

(1) The base metal at the cladding interface

Information on the defined LOCA and the obtained results of the

investigation are shown in Fig 5.2 and 5.3.

The results indicated that the analysis without taking into

account the presence of the cladding and its residual stresses

is not relevant. Critical sizes of the underclad cracks are

larger than of the for through-clad cracks for the same
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conditions. The analyses were based on LEFM, therefore yielding

of the material was not considered.

5.3 deLorenzi and Schumacher (EPRI-1984) (21).

This study is the most relevant investigation based on elastic-

plastic FEM analysis which can be found in the literature. The

influence of cladding residual stresses on the crack driving

force for shallow cracks in the wall of a reactor pressure

vessel subjected to a thermal shock was investigated. The crack

tip opening dispacement (CTOD) was used as a measure of the

crack tip driving force.

The vessel was made of SA-533 B steel, cladded with E 308

stainless steel. Cladding thickness was assumed 11 mm having a

yield stress roughly equal to that of the base metal. Two

different cases, long respectively semielliptrical axial cracks,

were studied in the investigation. Information on the defined

cladding residual stresses and the thermal transient are given

in Fig 3.4 and 4.7.

Case 1: Two different configurations of the through-clad crack

(a/tc = 1 and 3 where a = crack depth located in the

base metal and t c = cladding thickness) and one

configuration of underclad crack (2a/tc = 1) were

investigated assuming plane stress condition. A 2D-

finite-element analysis using the program ADINA was

performed. The FEM-modelling and obtained results are

shown in Fig 5.4.

Case 2: A semielliptical axial surface crack was analysed

using 3D-FEM. The crack was modeled for a case in

which the crack depth was three times the clad-

thickness, having an aspect ratio I/a = 6. The FEM-

modelling and obtained results are shown in Fig 5.5.

The analyses for the long axial through-clad crack suggest that

the crae.> driving fore is smaller for this type of flaw if the

residual stresses in the cladding are taken into account than if
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one assumes that the cladding has no residual stresses . Hence,

for a long axial through-clad crack, it is conservative to

assume that the vessel wall has uniform material properties and

no residual stresses provided that the crack depth is taken from

the inside of the cladding. This is clearly in contrast to

predictions made by Ahlstrand, et al (25), which is presented

earlier in this section, based on LEFM.

For the underclad crack, at the tip where the crack intersects

the cladding, the values of the CTOD are much higher than at the

deepest point. Here, the effect of cladding is significant, and

analyses ignoring the thermal effects of the cladding are not

conservative. The results indicate that it is more probable

'during a severe transient that a crack of this configuration

would break through the cladding before the CTOD at the other

end of the crack would reach a critical value.

The axial semielliptical crack shows a substantially different

behavior than the long axial crack. For the semielliptical

crack, the cladding residual stresses have a significant

influence on the crack driving force along the crack front. They

not only increase the maximum values of the CTOD by a factor of

three compared to when the cladding is ignored, but they also

change the.location of the highest CTOD from the deepest point

(x/L = 0) to the vicinity of the cladding/base metal interface,

See Fig 5.5. The CTOD at this interface is about three times as

high as the CTOD at the deepest point. This suggests that with a

sufficiently severe transient, initial crack propagation would

be favored in the axial direction along the cladding, base metal

interface rather than into the vessel wall. It is therefore

imperative that the cladding and its effects are considered when

assessing the severity of small through and under-clad cracks in

pressure vessels.

Based on the analyses' of the long and semielliptical axial

cracks ,it may be concluded that for the assumed transient and

crack configuration a 2D-analysis (extended crack) gives a

conservative estimate of the crack driving force for a

semielliptical crack with the same depth, See Figures 5.4b and

5.5 .If this can be verified for other load cases and crack

configurations the 2D-analysis can be used to give conservative
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estimates of the crack driving force of semielliptical surface

cracks .

5.4 Discussion

Investigations based on both linear and non-linear fracture

mechanics show significant effects of cladding and its induced

stresses on the integrity of reactor pressure vessel. The

cladding stresses are very high and the cladding may yield.

Reliable results can therefore only be obtained by performing

elastic-plastic analyses.

An important parameter in determining the vessel behaviour under

transient conditions is the transition temperature corresponding

to the onset of upper-shelf fracture toughness properties in the

steel and weldments. Because of the temperature profile through

the vessel wall during a transient, the fracture toughness

varies with location in the through-thickness direction.

Consequentely, the toughness may vary along the defect front.

Under certain severe transients, the,wall temperature falls

below the ductile-brittle transition temperature. Therefore, the

toughness of the region having this temperature can be rather

low.

Based on the results from deLorenzi and Schumacher's

investigation analyses of long axial through-clad cracks based

on ignoring the special properties of the cladding are

conservative in comparison with analyses taking the different

properties of the cladding and the base metal into account.

For long underclad cracks, the CTOD-value is much higher at the

interface region than at the deepest point, and the cladding

thermal effects are significant. This indicates that it is

likely during a severe transient that a underclad crack would

break through the cladding before the CTOD at the deepest point

would reach a critical value.

Cladding residual stresses have also a significant influence on

axial semielliptical defects. They increase the maximum value of

the CTOD along the crack front by a factor of three, compared to

it the special properties of cladding are ignored, and also
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change the location of the highest CTOD-value from the deepest

point to the cladding/base metal interface. Therefore, initial

crack propagation would be favoured in the axial direction along

the interface surface, rather than into the vessel wall, See Fig

5.6. This will change the crack geometry and increase the crack

driving force at the deepest point of the crack. This effect

was, however, not investigated by de Lorenzi and Schumacher.

Some other comments of their study are as follows:

Severe transient; The defined transient was milder

than Large LOCA. Higher CTOD-values would be obtained

during a more severe transient.

Cladding thickness; The assumed thickness was 11 mm,

which is much greater than a normal clad-thickness

(especially considering the Swedish made reactors).

The thicker clad causes a better thermal protection of

the base metal during thermal shocks. This aspect

influences the resulting thermal stresses.

Crack aspect ratio; Only one case (I/a = 6) was

investigated.

Material properties; No attention was made to

toughness property variations in the interface region.

The influence of the cladding thermal effects (due to

thermal conductivity and due to thermal expc.nsion

coefficient) was not clearly separated.

Welding residual stresses in welded joints (after

PWHT) were ignored.

The behaviour of eventual crack growth along the

interface surface was not investigated.

The possibility of crack initiation and arrest at the interface

region is dependent mainly on the type of transient and the

material properties in the region. The material properties and

stress field are, however, very complex in this region, See Fig.

5.6. As shown in chapter 2, the toughness of the HAZ may be

severely influenced by neutron irradiation, and an increase of

over 100 °C on its transition temperature can be expected.

Besides, the interface region (HAZ) is inhomogenous. A small
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zone with high hardness exists in this region. This can be

considered as a local-brittle-zone adjacent to tougher zones.

During a thermal shock, the toughness of this region falls to

"lower shelf" values. It is likely that initiation of crack

growth occurs in the local-brittle-zone and that some kind of

pop-in can occur.

It appears that low crack growth resistance in clad material and

coarse grain HAZ may cause considerable crack growth in the

axial direction. This may change the configuration of crack

(aspect ratio) which increases the crack driving force at the

deepest point of the crack, so that the crack growth in the

depth direction may be obtained at less critical load

conditions.

An investigation of the growth behaviour of such cracks must be

based on elastic-plastic fracture mechanics analyses.
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TABLE I Geometry and material properties

Geometry

Inside radius of the vessel

Thickness of the cladding (CASE 1)

Thickness of the cladding (CASE 2)

Thickness (without clad)

Material properties

Young's modulus E

Poisson's ratio v

Mass density p

Coefficient of thermal

expansion a

Thermal conductivity X

Specific heat c

Base Metal

200E9 Pa

0.3

7800 kg/m3

13.4E-6 1/*C

41.2 W/m'C

502 JAq'C

1.905 m (75 in)

6.3 mm (1/4 in)

9.5 m (3/8 in)

154.4 ran (6 in)

Cladding

200E9 Pa

0.3

7800 kg/m3

16.6E-6 l/'C

15.2 W/m'C

508 JAg'c

EMERGENCY COOLANT
TEMPERPTURE

128 188 248
TIHE(f)

ieee
UP»
760

688

268

8

-258

AXIAL STRESS
DISTRIBUTION
IN CPSE 1
at 3,10 and 69
minutes

0 38
rice

98 128 158
WALL DEPTH (••)

209

38

58

98 128 158
WALL DEPTH (»ml

»-RESIDUAL STRESS 488 HP*
2-NO RESIDUAL STRESS
3-CLADDINC IGNORED

38 98 120 168
CRACK DEPTH <••>

riC.6 TEMPERATURE DISTRIBUTIONS
IN CASE 1 (cUdding 6.3 ••) FIC.12 Ki FOR DIFFERENT CROCK
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Fig 5.1: The data and obtained results from investigation by

Ahlstrand, et al (25).
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Fig 5.3: Critical crack sizes for through-and under-clad cracks,

evaluated by Vagner and Guichard (33).

Explanations for the tables:

Bottom (a) represents initiation at the deepest point

of the crack .

Edge (b) represents initiation at the surface of the

wall .

Probabilistic (c) represents an integrated value of the

fracture criterion along the crack front .

Plasticity correction a,b and c represent different

assumptions .

A, B and C represent estimations according to criteria

of instability in cladding, base metal and cladding/

base metal interface, respectively.
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Fig 5.4: Crack tip opening displacement during the thermal
transient for axial cracks (21). (1 mil = 25.4 |j.m)

a) Finite element modelling of long axial cracks
b) Long axial through-clad crack with a/tc = 3

c) Long axial through-clad crack with a/tc = 1.

d) Long axial underclad crack with 2a/tc = 1
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CLAU

CLAO VESSEL WITH FULL LOADING HISTORY:
2: After cool down from stress rtliaving
3: During proof testing
4: After proof testing
5: At operating conditions
6: During Thermal shock

UNCLAD VESSEL WITHOUT RESIDUAL STRESSES:
C: During thermal shock

CLAD

Fig 5.5: Finite element modelling and variation of crack tip

opening displacement along the crack front for axial

semielliptical flaw (21). (1 mil = 25.4 Lim)

Note: Curves 6 an.i C give the CTOD variation 24 minutes

into the transient which is the time point when

CTOD reaches its maximum value.
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Loading:

Sq>:Circumferential stress,due to
inside pressure

°t: Circumferential stress,due to
thermal transient

^".Cladding induced stress
dWelding residual stress,after PWHT

Nucleation of Growth(pop-in)

Unextended Crack

Extended Crack

Clad Base Metal

Coarse Grain Zone(HAZ)

Fine grain Zone(HAZ)

Fig 5.6: Complexity of loading and material property in the

cladding and interface region, and a probable crack

extension behaviour.
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6 . CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The cladding causes a thermal protection of the base metal

during thermal shocks. This effect increases with

increasing clad thickness.

The difference- in the thermal expansion coefficient causes

biaxial induced stresses in both the austenitic and the

underlaying ferritic materials. Even after the cladded

component is stress-relieved, residual stresses of yield

magnitude remain in the cladding and in the HAZ at ambient

temperature. The cold hydrotest reduces these stresses to

some extent. The cladding induced stresses are temperature

dependent and decrease as the temperature increases, and

may be almost negligible at the operating temperature of

LWR pressure vessels. Cladding residual plastic

deformations remain however in the material. These

deformations influence existing cracks in or in the

vicinity of cladding.

The effects of the cladding residual stresses and the

cladding thermally induced stresses are normally not

clearly distinguished in the literature. The cladding

residual stresses and plastic strains are often ignored in

fracture analyses.

ASME XI (1988 Addendum) emphasizes the consideration of the

cladding induced stresses.

Underclad cracking (UCC) is a potential problem associated

with the cladding. It has been shown that SA-508 cl 2 is

particularly susceptible to this problem. Use of cladding

procedures with mild heat-input, e g application of the

two-layer cladding, reduces the susceptiblity to UCC.
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The common assumption that the cladding has superior

ductility is in general not valid. The cladding austenitic

steel displays a Charpy V transition temperature behaviour

and unexpectedly a low upper-shelf toughness.

The interface region (HAZ) is inhomogeneous, inclnding a

very narrow zone of high hardness. The HAZ is the most

irradiation sensitive region, and its transition

temperature may surprisingly be elevated of over 100 °C for

a fluence of 4.5 x 1019 n/cm2•

Analyses of long axial through-clad cracks based on

completely ignoring the special properties of the cladding

have been shown to be conservative. For underclad long

axial cracks, the cladding thermal effects have significant

influence. The CTOD-value is much higher at the interface

region than at the deepest point. This indicates that it is

a risk that during a severe transient an UCC would break

through the cladding.

For semielliptical cracks, the cladding induced stresses

have a significant influence. For such cracks, the maximum

CTOD-value along the crack front is found a*: the cladding/

base metal interface, and is of about three times higher

magnitude,than the value obtained if the special properties

of the cladding are ignored. Possible growth behaviour of

such cracks is, however, not investigated.

For a certain transient and crack configuration, 2D-

analysis (extended crack) showed a conservative estimate

of the crack driving force for a semielliptical crack with

the same depth. If this can be verified for other load

cases and cracked configurations the 2D-analysis can be

used to give conservative estimates of the crack driving

force of semielliptical surface cracks.
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6 .2 RECOMMENDATIONS

The fracture analyses presnted in the literature are based on

postulated cracks in the reactor pressure vessel inner surface.

Occurrence and possible growth of such cracks to the postulated

geometries are not however considered in the literature.For

certain postulated crack geometries the crack driving force has

a maximum in the claddin/base metal interface region. In such a

case the crack growth would be favoured in the axial direction

along the interface surface. This will change the crack

geometry, and at some point in the time the crack driving force

at the deepest point may be severe enough to start to grow in

the depth direction, as well.This behaviour needs to be

investigated to be able to assess the significance of the

cladding on the integrity of nuclear pressure vessels. In such

an investigation the effects of the cladding thermally induced

stresses during a thermal transient and the cladding residual

stresses and plastic strains after PWHT and hydrotest should be

distinctly studied
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